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We study the breakup reactions of 8B projectiles in high energy (50 and 250 MeV/u) collisions
with heavy nuclear targets (208Pb). The intrinsic nuclear wave functions are calculated using a simple
model, as well as a simple optical potential. We demonstrate that nuclear effects are negligible and
evaluate the contributions of various (E1, E2 and M1) multipolarities. A good agreement with
measured data is obtained with insignificant M1 contribution (at 50 MeV/u) and very small E2
contribution.
PACS numbers: 25.60.P, 25.40, 25.20, 26.65
I. INTRODUCTION
The use of the Coulomb dissociation method [1,2] has proven to be a useful tool for extracting radiative capture
reaction cross section of relevance for nuclear astrophysics. In particular it appears that the Coulomb dissociation of
8B is very useful [3] for elucidating the most uncertain nuclear input to the standard solar model - the formation of 8B
via the 7Be(p, γ)8B reaction. However, a few lingering questions still need to be addressed, including the importance
of nuclear excitations for the kinematics of the RIKEN [4] and GSI [5] experiments, performed at approximately
50 and 250 MeV/u, respectively, as well as the relative importance of the various E1, E2 and M1 electromagnetic
excitations. In this paper we attempt to resolve these issues by using a relatively simple but still realistic nuclear
model that however yields a very good agreement with data and suggest that nuclear excitations as well as E2 and
M1 excitations are negligible for the kinematical conditions of the RIKEN and GSI experiments.
II. TRANSITION DENSITIES
We use for 8B a similar model as in ref. [6], assuming that the J0 = 2
+ ground state can be described as a j0 = p3/2
proton coupled to the Ic = 3/2
− ground state of the 7Be core. The spectroscopic factor for this configuration was
taken as unity. The single particle states, ΨJM , are found by solving the Schro¨dinger equation with spin-orbit term
and matching to asymptotic Coulomb waves. The parameters of the potentials are given in table 1 of ref. [6].
A multipole expansion of the transition density, δρ, yields
δρ(r) ≡ Ψ∗JM (r) ΨJ0M0(r) =
∑
λµ
δρ
(JM)
λµ (r) Yλµ(rˆ) , (2.1)
where
δρ
(JM)
λµ (r) =
∫
Ψ∗JM (r) Y
∗
λµ(rˆ) ΨJ0M0(r) dΩ , (2.2)
and |J0M0 > (|JM >) denote the initial (final) state of the projectile.
The electromagnetic transition matrix for the multipolarity piλµ is given by
1
〈JM |Mpiλ,−µ| J0M0〉 =
∫
dr rλ δρ
(JM)
Eλµ (electric);
=
∫
dr rλ−1 δρ
(JM)
Mλµ (magnetic) , (2.3)
where, for electric multipole transitions
δρ
(JM)
Eλµ (r) =
1
2
√
4pi
(−1)Ic+J0+λ+j0+l+l0+µ e
E
Jˆ0λˆjˆ0
jˆ
×
〈
J0M0λµ
∣∣∣JM〉〈j0 1
2
λ0
∣∣∣j 1
2
〉 {
j
J0
J
j0
Ic
λ
}
δρ
(J)
Exlj;l0j0
, (2.4)
where lˆ =
√
2l + 1, eE = e
[
(1/2)λ + (−1/8)λ
]
, and
δρ
(J)
Exlj;l0j0
(r) = r2 R
(J)∗
Exlj
(r) R
(J0)
l0j0
(r) . (2.5)
Above, R
(J0)
l0j0
(r) is the radial wave function for the ground-state and R
(J)
Exlj
(r) is the radial wave function for a state
in the continuum with excitation energy Ex.
For magnetic dipole transitions
δ
(JM)
Mλµ (r) = µN (−1)j0+Ic+J0+1
Jˆ0
lˆ0
〈J0M0λµ|JM〉
{
j
J0
J
j0
Ic
1
}
×
{
e
M
[
2
j˜0
lˆ0
(
l0δj0,l+ 12 + (l + 1)δj0,l−
1
2
)
+ (−1)l0+ 12−j jˆ0
2ˆ
δj0,l0± 12 δj,l∓
1
2
]
+ gp
[
(−1)l0+ 12−j0 j˜0
lˆ0
δj0,j − (−1)l0+
1
2
−j jˆ0
2ˆlˆ0
δj0,l± 12 δj,l∓
1
2
]}
δρ
(J)
Exlj;l0j0
(r)
+ µc (−1)Ic+j0+J+1 〈J0M0λµ|JM〉 Jˆ0Jˆ IˆcI˜c
{
Ic
J0
J
Ic
j0
1
}
δρ
(J)
Exlj;l0j0
(r)
(2.6)
where eM = 3/2, µc = −1.7 µN , µN = eh¯/2mpc, mp is the proton mass, and l˜ =
√
l(l+ 1).
In addition to the electric and magnetic transitions due to Coulomb excitation of the projectile, we will also consider
the transitions induced by the nuclear field of the target in peripheral collisions. The nuclear induced transition density
is built also as in eqs. (1,2), and for isoscalar excitations (we will not consider nuclear isovector excitations for reasons
explained below) we can write the transition density as δρ
(JM)
Nλµ = δρ
(JM)
Eλµ /eE .
The transition densities, δρ
(J)
Exlj;l0j0
(r), are shown in figures 1(a) and 1(b). In figure 1(a) we show the transition
densities to the J = 1+, and J = 3+, resonances at Ex = 0.63 MeV, and Ex = 2.17 MeV, respectively. For
convenience, the transition densities have been integrated over the width of the resonance. Also shown in this figure
(dotted line) is the transition density obtained by the Tassie model (see, e.g., ref. [7]): δρTassie(r) = (βr) dρ/dr,
where ρ(r) is the ground-state density of the 8B, taken as ρ(r) = ρ0
[
1 + α(r/a)2
]
exp{−r2/a2}, with α = 0.631 fm
and a = 1.77 fm. The deformation parameter, β, is chosen so that the Tassie transition density is normalized to the
peak of the transition density to the J = 3+ state. We see that the transition densities extend further out than the
Tassie transition density. This is even more visible for the transition densities to the non-resonant p- and f-waves,
as shown in figure 1(b), for Ex = 350 keV . These transition densities extend to very large radial values. This is an
important result since it invalidates calculations based on the Tassie model for the transition densities in the case of
halo nuclei, as was pointed out in ref. [8].
2
III. OPTICAL AND TRANSITION POTENTIALS
Since there is no data for the elastic scattering of 8B on Pb targets at the energies that we want to consider, we
construct an optical potential using an effective interaction of the M3Y type [9,10] modified so as to reproduce the
energy dependence of total reaction cross sections, i.e. [10],
t(E, s) = −i h¯v
2t0
σNN (E) [1− iα(E)] t(s) , (3.1)
where t0 = 421 MeV is the volume integral of the M3Y interaction t(s), v is the projectile velocity, σNN is the nucleon-
nucleon cross section, and α is the real-to-imaginary ratio of the forward nucleon-nucleon scattering amplitude. The
optical potential is given by
U(E,R) =
∫
d3r1 d
3r2 ρP (r1)ρT (r2) t(E, s) , (3.2)
where s = R+ r2 − r1, and ρT (ρP ) is the ground state density of the target (projectile).
According to this model, the optical potential is about two times smaller at 250 MeV/nucleon compared to 50
MeV/nucleon. The optical potentials generated in this way will be used to obtain the distorted waves in the eikonal
approximation (see next section).
The transition potential for excitations of the projectile is given by
∆U(E,R) =
∫
d3r1 d
3r2 δρP (r1)ρT (r2) t(E, s) , (3.3)
A multipole expansion of the transition potential yields
∆U(E,R) =
∑
λµ
δU
(JM)
λµ (E,R) Yλµ(Rˆ) . (3.4)
where
δU
(JM)
λµ (E,R) =
∫
dr r2 Iλ(E,R, r) δρ
(JM)
Nλµ (r) , (3.5)
with
Iλ(E,R, r2) = (2pi)
2
∫
d(cos θ1) d(cos θ2) dr1 r
2
1 t(E, s) Pλ(cos θ2) , (3.6)
where θ1 is the angle between r1 and R+ r2, and θ2 is the angle between r2 and R.
In figures 2(a) and 2(b) we show the transition potentials
δUExlj;l0j0(R) =
∫
dr r2 I2(R, r) δρExlj;l0j0(r)
as a function of the radial distance, for 8B projectiles incident on Pb at E=50 MeV/nucleon. In figure 2(a) we show
the real part of the transition potentials, integrated over the width of the J = 1+ (solid line) and J = 3+ (dashed
line) resonances. They are compared with the Copenhagen model (dashed line) for the transition potential (called by
“standard potential” in ref. [7]), i.e., δUCop. = (βr) dUopt/dr, with an arbitrary value for the deformation parameter
β. Again we see that the transition potentials have a quite different radial dependence than the Copenhagen transition
potential model. For the non-resonant p and f waves this difference is even more pronounced, as we see in figure 2(b),
for Ex = 350 keV . According to eqs. (3.1, 3.3), at 250 MeV/nucleon the transition potentials have the same shape
as those presented in figures 2(a) and 2(b), but are about twice smaller in magnitude since the effective interaction
t(E, s) is reduced by nearly the same amount.
3
IV. NUCLEAR AND COULOMB EXCITATION CROSS SECTIONS
The amplitude for the nuclear excitation of high energy projectiles is given by
fN = − µPT
2pih¯2
∫
d3R Ψ(−)∗(R) Ψ(+)(R) ∆U(R)
=
∑
λµ
f
(JM)
Nλµ , (4.1)
where µ
PT
is the reduced mass of the projectile+target system, Ψ(−) (Ψ(+)) is the incoming (outgoing) scattering
wave of the system, and
f
(JM)
Nλµ = −
µ
PT
2pih¯2
∫
d3R Ψ(−)∗(R) Ψ(+)(R) δU
(JM)
λµ (R) Yλµ(Rˆ) . (4.2)
For high energy projectiles, we can use the eikonal approximation (Q = 2k sin(θ/2)),
Ψ(−)∗Ψ(+) = exp {iQ.R+ iχ(b)} , (4.3)
with the eikonal phase given by
χ(b) = 2η ln(kb)− 1
h¯v
∫ ∞
−∞
dz Uopt(R) , (4.4)
where η = ZPZT e
2/h¯v, k is the projectile momentum, and R =
√
b2 + z2. The optical potential, Uopt, in the above
equation is given by eq. (3.2).
Following ref. [11], the Coulomb amplitude is given by
fC =
∑
λµ
fCλµ , (4.5)
where
fCλµ = i
1+µ ZT eµPT
h¯2
(
Ex
h¯c
)λ √
λ+ 1 exp {−iµφ} Ωµ(q)
× Gpiλµ( c
v
) 〈JM |Mpiλ,−µ| J0M0〉 , (4.6)
Ωµ(q) =
∫ ∞
0
db b Jµ(qb)Kµ
(
Exb
γh¯v
)
exp iχ(b) , (4.7)
Jµ(Kµ) is the cylindrical (modified) Bessel function of order µ, and the functions Gpiλµ(c/v) are tabulated in ref. [12].
The cross sections for Coulomb plus nuclear excitation are given by
dσJλ
dΩdEx
=
1
2J0 + 1
∑
M0, M
∣∣∣fλµC + fλµN ∣∣∣2 (4.8)
Further simplifications can be obtained by noticing that, since the M3Y interaction does not depend on isospin,
the nuclear isovector excitations are absent from fN . This is well justified, since even in the case when isovector
excitations can be reached, they are of minor importance compared to the isoscalar ones [13]. Thus, the nuclear
excitation of isovector dipole modes (λ = 1) will be suppressed and we can neglect this multipolarity (also because
intrinsic isoscalar dipole excitations do not exist) in the sum of eq. (4.8). Moreover, angular momentum selection
rules imply that the J = 1+ and J = 3+ do not contribute to λ = 0 excitation amplitudes. Also, non-resonant p1/2
4
waves cannot be reached via λ = 0 excitation. Thus, nuclear monopole (λ = 0) excitations will also be absent from
this sum.
For the Coulomb amplitude we will consider E1, E2, and M1 excitations (monopole, E0, excitations cannot be
achieved in Coulomb excitation). Thus the cross section including both Coulomb and nuclear excitation becomes
dσJpiλ
dΩdEx
=
1
2J0 + 1
∑
M0, M
[∣∣∣f (E1)C ∣∣∣2 + ∣∣∣f (M1)C ∣∣∣2 + ∣∣∣f (2)N + f (E2)C ∣∣∣2
]
. (4.9)
The nuclear-Coulomb interference will only appear for quadrupole excitations.
V. RESULTS
In figure 3(a) we plot the cross section for the nuclear excitation of 8B projectiles incident on Pb targets at 50
MeV/nucleon as a function of the scattering angle in degrees, and for a relative energy, Erel, between the proton and
the 7Be fragment equal to 0.2 MeV (Ex = Erel + 0.14 MeV ). The excitation cross sections to the p- and f-waves
and to the 3+ resonance are displayed. Since the 1+ state has a very small width, it does not contribute appreciably
for this excitation energy. Figure 3(b) shows the same calculation, but for a relative energy of 1.2 MeV. The basic
feature in these being an oscillatory pattern, characteristic of diffraction by a strong absorptive object. The measured
angular distributions on the other hand are rather flat in the angular range of interest, suggesting small nuclear
contribution(s).
In figure 4 we plot the angular integrated nuclear excitation cross section as a function of the relative energy and
for the bombarding energy of 50 MeV/nucleon. We see that most of the excitation cross section goes to the 1+ and 3+
state; the excitation of the p- and f-waves being of much smaller magnitude. We observe that the nuclear interaction
broadens the width of the 1+ and 3+ resonances (e.g., for the 1+ resonance, Γ ≈ 50 keV ).
In figure 5(a) and we show the Coulomb excitation cross sections of 8B projectiles incident on Pb targets at 50
MeV/nucleon as a function of the scattering angle in degrees, and for a relative energy, Erel, between the proton and
the 7Be fragment equal to 0.2 MeV (Ex = Erel+0.14MeV ). In figure 5(b) we use Erel=1.2 MeV. We notice that the
E1 excitation dominates at low angles and that the E2 excitation becomes as strong as the E1 mode at larger angles.
The peak value occurs at θ ∼ 0.4◦ where the E1 cross section is more than one order of magnitude bigger that the
E2, and more than two orders of magnitude bigger than the M1 excitation. Plots for 250 MeV/nucleon are presented
in figs. 6(a) and 6(b), respectively. It is also interesting to compare these calculations with the semiclassical formula
presented in ref. [14] for the E1 excitation mode, which is much easier to use. As we see in figure 7, the cross section
is very well reproduced by the semiclassical formula. Diffraction effects are of minor relevance and only introduce
wiggles in the cross section around the semiclassical results.
In figure 8(a) we show the Coulomb excitation cross section integrated over angles for 50 MeV/nucleon, as a function
of the relative energy of the fragments. Figure 8(b) is for 250 MeV/nucleon. Note that E2 excitation are dominant at
large angles and hence the E2 mode contributes one fifth of the total cross section even though it is negligible at small
angles (see below). And the M1 excitation is only relevant around the 1+ resonance, Erel ∼ 600 keV . Comparing
this figure with figure 4 we see that the nuclear contribution to the total excitation cross section is about 3 orders
of magnitude smaller than the Coulomb excitation cross sections for the whole spectrum. This is a very important
result, since one can neglect the nuclear excitation cross sections for practical purposes. The same applies for 250
MeV/nucleon.
In figs. 9(a), 9(b) and 9(c) we compare the results of our model with the angular distributions of 8B breakup on lead
targets at 50 MeV/nucleon measured by Kikuchi et al. [15] at RIKEN. We have used the acceptance (efficiency) matrix
as well as angular and energy averaging procedures as discussed in Ref. [15] and provided by the RIKEN collaboration
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[15]. We plot our predictions for the contributions of the E1, E2, and of the nuclear excitation cross sections. The
solid line is the sum of all three contributions, and we note the rather good agreement with the experimental data
with E1 excitation solely. Our model suggest a very negligible E2 contribution as was the conclusion of Kikuchi et
al. [15], where upper limits on the E2 contribution were extracted. These upper limits are indeed consistent with a
preliminary analysis of the previous RIKEN data [4] that we published earlier [16].
A. Conclusions
We have constructed a simple model for 8B as well as a simple optical model for the elastic scattering of 8B plus
208Pb, and used it to predict nuclear excitations as well as E1, E2 and M1 excitations of 8B at 50 and 250 MeV/u.
We show that nuclear excitations as well as E2 and M1 excitations are negligible for the most part of the data taken
at RIKEN and at GSI.
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Figure Caption
Fig. 1 - (a) Transition densities for the bound state of 8B to the J = 1+, and J = 3+, resonances at Ex = 0.63
MeV (dashed line), and Ex = 2.17 MeV (solid line), respectively. These transition densities have been integrated over
the width of the resonances. Also shown in this figure (dotted line) is the transition density obtained by the Tassie
model. (b) Transition densities from the ground state of 8B to the non-resonant p- (solid curve) and f-waves (dashed
curve).
Fig. 2 - (a) Real part of the transition potentials for the nuclear excitation of 8B at 50 MeV/nucleon from the
ground state to the resonances at J = 1+ (solid line) and J = 3+ (dashed line), respectively. They are compared
with the Copenhagen model (dotted line) for the transition potential. (b) Real part of the transition potentials for
the nuclear excitation of 8B at 50 MeV/nucleon from the ground state to the non-resonant p- and f-waves.
Fig. 3 - Cross section for the nuclear excitation of 8B projectiles incident on Pb targets at 50 MeV/nucleon as a
function of the scattering angle in degrees, and for a relative energy, Erel, between the proton and the
7Be fragment
equal to 0.2 MeV. The excitation cross sections to the p- (solid curve) and f-waves (dashed curves) and to the 3+
resonance (dotted curves) are displayed. (b) Same as in (a), but for Erel = 1.2 MeV.
Fig. 4 - Angular integrated nuclear excitation cross section of 8B projectiles incident on lead targets at 50
MeV/nucleon. The cross sections for the excitation of the 1+ (solid line), 3+ (dashed line) resonances, and to the
p1/2 wave (dotted line) are shown.
Fig. 5 - (b) Coulomb excitation cross sections of 8B projectiles incident on Pb targets at 50 MeV/nucleon as a
function of the scattering angle in degrees, and for a relative energy, Erel, between the proton and the
7Be fragment
equal to 0.2 MeV. The excitation cross sections due to M1- (dashed-dotted), E2- (dotted curve), E1- (dashed curve)
excitation modes are shown. The solid curve is the sum of all these contributions. (b) Same as in (a), but for
Erel = 1.2 MeV.
Fig. 6 - Same as in figure 5, but for 250 MeV/nucleon.
Fig. 7 - Comparison between the quantal (solid curves) and the semiclassical (dashed curves) calculations of
Coulomb excitation of 8B projectiles incident of lead targets for Erel = 1.2 MeV at 50 MeV/nucleon and 250
MeV/nucleon, respectively.
Fig. 8 - (a) Coulomb excitation cross section of 8B projectiles incident of lead targets at 50 MeV/nucleon as a
function of the relative energy of the fragments, and for the M1- (dotted curve), E2- (dashed-dotted curve) and E1-
(dashed curve) excitation modes. The solid curve is the sum of all contributions. (b) Same as in (a), but for 250
MeV/nucleon.
Fig. 9 - Angular distributions of 8B breakup on lead targets at 50 MeV/nucleon. Data are from Kikuchi et al.
[15]. The separate contributions of the E1, E2, and nuclear interaction are shown.
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